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little	 introgression	 of	wapiti	 nuclear	 alleles	 into	 red	 deer,	 in	 particular	 in	Northern	
Scotland,	Kintyre,	and	the	Lake	District.	We	found	a	new	area	of	extensive	sika	intro-
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to	 anthropogenic	 hybridization	 and	 introgression	 (Allendorf,	 Leary,	
Spruell,	 &	Wenburg,	 2001).	 Examples	 of	 such	 activity	 include	 trade	
and	 transport	of	domestic	 animals	 and	crops,	 introduction	of	exotic	
species,	habitat	modification	and	degradation,	and	land	management	
for	 recreational	activities	 (Leary,	Allendorf,	&	Forbes,	1993;	Rhymer,	
Williams,	&	Braun,	 1994).	When	 introgression	 occurs	 to	 the	 extent	
that	 phenotypes	 become	 intermediate	 between	 two	 species,	 assor-
tative	mating	may	be	compromised	and	the	system	can	collapse	into	
a	“hybrid	swarm,”	as	has	occurred,	for	example,	between	introduced	




gression	 among	 genus	Cervus	 deer	 in	 the	 British	 Isles,	 focusing	 on	
the	 red	 deer,	which	 is	 native	 to	 Europe,	 the	 Japanese	 sika	 and	 the	
North	American	wapiti	(respectively,	Cervus elaphus,	C. nippon nippon 
and	 C. canadensis).	 Based	 on	 mitochondrial	 sequence	 information,	
the	 progenitor	 of	 these	 species	 originated	 from	 around	 Kyrgyzstan	
(Ludt,	 Schroeder,	 Rottmann,	&	Kuehn,	 2004;	 Pitra	&	 Lutz,	 2005).	A	
western-	migrating	 clade	 became	 the	 medium-	sized	 red	 deer	 while	
those	moving	 east	 bifurcated	 into	 the	 larger	wapiti	 and	 the	 smaller	
sika,	which	itself	diversified	into	several	subspecies	throughout	south-	




deer	and	sika	differ	 in	body	size	 (red	deer	are	 larger	 ;	 see	Figure	1),	
a	variety	of	other	phenotypic	 traits	 (see	 [Senn	&	Pemberton,	2009]	
Table	1),	and	chromosome	number	(red	2N	=	68;	sika	2N	=	64	[Herzog	
&	 Harrington,	 1991]),	 they	 are	 known	 to	 have	 hybridized	 both	 in	
captivity	and	 in	 the	wild	 (Goodman,	Barton,	Swanson,	Abernethy,	&	
Pemberton,	1999;	Harrington,	1973;	Huang,	Chi,	Nie,	Wang,	&	Yang,	
2006;	 Lowe	&	Gardiner,	1975;	Senn	&	Pemberton,	2009).	 Similarly,	




than	Eastern)	 European	mitochondrial	 clade	of	 red	 deer	 (Krojerova-	



















mostly	 in	 enclosures,	 in	 attempts	 to	 increase	 body	 and	 antler	 size,	
and	 hybridization	 is	 reported	 to	 have	 occurred	 (Whitehead,	 1964).	




1900s,	 this	herd	 (c.	30	animals)	was	 translocated	 to	Mamore	 forest,	
Inverness-	shire	(Whitehead,	1964).	In	England,	wapiti	were	introduced	
to	 Derby	 around	 the	 1790s,	 and	 herds	were	 kept	 in	Woburn	 Park	
(Bedfordshire),	Buckinghamshire,	Kent,	Sussex	and	Northamptonshire	
and,	around	the	turn	of	the	20th	century,	at	Rigmaden	Park,	near	the	






































red	 deer	were	 reported	 and	 confirmed	 using	 craniometrics	 (Lowe	 &	








troduced	 to	 England	 and	 Ireland	 (Whitehead,	 1964).	However,	 there	




ization	 and	 introgression,	 and	 one	 of	 the	 best-	studied	 examples	 of	
red-	sika	hybridization	 in	 the	wild	using	genetics	 is	 in	Kintyre,	Argyll,	
Scotland.	Two	male	and	nine	female	sika	were	introduced	at	Carradale,	




(2009)	 analyzed	 735	 red	 deer	 and	 sika	 sampled	 from	 throughout	
















genotyped	 using	 autoradiography	 and	 analyzed	 with	 less	 powerful	
procedures	suggested	extensive,	 low-	level,	 introgression	of	red	deer	
alleles	 into	 sika	 (Swanson,	 2000).	 However,	 large	 parts	 of	 Scotland	




































406 368 1 0 0 37 98.9 99.75
Hebrides,	
Scotland
727 727 0 0 0 0 97.49 100
North	Highlands,	
Scotland
570 256 206 0 35 73 99.78 99.65
Lake	District,	
England
137 137 0 0 0 0 98.77 100
Canada 49 0 0 49 0 0 99.63 NA
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Given	 red-	sika	hybridization	occurs,	many	 traits	could	 introgress	
between	 the	 species,	 altering	 their	 appearance,	 ecology,	 and	 life	
history,	with	 implications	 for	deer	management.	 Lowe	and	Gardiner	









see	 Senn,	 Swanson	 et	al.	 (2010)).	Overall,	 phenotypic	modifications	











1. To	 assess	 the	 current	 extent	 of	 hybridization	 and	 introgression	
between	 introduced	 Cervus	 deer	 and	 red	 deer	 across	 Scotland	




2  | MATERIALS AND METHODS
2.1 | Study area and sampling























came	 from	Grizedale.	 Samples	 from	49	North	American	wapiti	were	
provided	by	Prof.	D.W.	Coltman,	University	of	Alberta,	Canada.
All	new	samples	were	obtained	during	the	course	of	normal	deer	
culling	operations,	and	deer	species	were	shot	 in	 the	proportions	 in	
which	 they	 were	 encountered.	 Stalkers	 identified	 all	 sampled	 deer	
from	 the	Hebrides	 and	 the	Lake	District	 as	 red	deer.	Deer	 sampled	
from	the	Central	Highlands	were	mainly	identified	as	red	deer	but	with	
a	 few	sika	 in	 the	more	 recently	collected	set.	Samples	 from	Kintyre	
and	the	North	Highlands	were	identified	as	red	deer,	sika,	or	hybrid.	
The	Scottish	samples	consisted	of	a	mix	of	frozen	ear	tips,	frozen	jaws	













Phenotypic red deer only
Phenotypic sika deer only
Phenotypes of both species recorded




S1.	Originally	derived	from	cattle	 (Bos taurus)	and	sheep	(Ovis aries),	
these	markers	were	selected	because	when	used	to	genotype	44	red	




were	 run	 on	 an	 ABI3730	 capillary	 sequencer	 (Applied	 Biosystems),	
using	the	 internal	standard	Genescan	LIZ	500	 (Applied	Biosystems).	




with	 a	 variable	 number	 of	 tandem	 repeats:	 Red	 deer	 have	 a	 single	
repeat	 while	 Japanese	 sika	 have	 three	 repeats	 (Cook	 et	al.,	 1999).	
Amplification	 followed	 a	 published	 protocol	 (Cook	 et	al.,	 1999)	 and	
repeat	number	was	determined	by	assay	on	4%	agarose	gels	stained	









the	 most	 likely	 population	 structure	 involving	 all	 three	 species	





















chain	Monte	 Carlo	 steps.	 This	 is	 within	 the	 suggested	 parameter	
values	of	Pritchard	et	al.	(2000)	and	runs	appeared	to	converge	cor-
rectly.	Null	alleles	can	cause	deviation	from	Hardy-	Weinberg	equi-
librium	by	 causing	 a	 systematic	 pattern	 of	missing	 genotype	 data	
and	can	cause	errors	in	the	estimation	of	Q	(Falush	et	al.,	2003;	Senn	










Analysis	 conducted	 in	 structure	 generated	 a	Q	 value	 for	 each	
individual,	which	 represents	 the	 estimated	 proportion	 of	 ancestry	













ellite	 markers.	 Individuals	 outside	 these	 boundaries	were	 defined	
as	“pure,”	although	may	still	contain	introgressed	alleles	beyond	the	
detection	 limit	 of	 the	markers,	 as	22	markers	 enable	detection	of	
only	2–3	generations	of	backcrossing	with	confidence	for	a	specific	
individual	 (Boecklen	&	Howard,	1997).	As	 it	 is	highly	unlikely	 that	
mtDNA	control	region	types	are	shared	through	common	ancestry,	
a	hybrid	was	also	defined	as	a	“mitochondrial	hybrid”	if	the	mtDNA	












conservative	 criteria	 (Appendix	Table	 S2).	The	genotypes	of	 hybrids	
were	re-	coded	according	to	the	origin	of	each	allele	at	each	locus	to	
determine	the	proportion	of	loci	that	were	red-	sika	heterozygous	rel-
ative	to	all	 loci	genotyped	 in	that	 individual,	and	this	heterozygosity	
index	was	compared	with	Q	for	all	individuals.
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3  | RESULTS
3.1 | Genetic diversity








3.2.1 | Analysis 1: Population structure 









tiated	 from	all	 other	 red	deer	 including	wapiti.	 It	was	only	 at	K	=	4	
(−140,655.48,	SD	661.36;	rate	of	change	7.7)	that	wapiti	were	differ-
entiated	from	red	deer	and	sika	(Figure	S3).	To	illustrate	the	three-	way	
admixture	 results,	we	merged	 the	 two	 red	deer	population	 clusters	
(Table	2,	 Figure	 S3	 and	 Table	 S4).	 No	 three-	way	 hybrids	 between	
red	deer,	sika,	and	wapiti	were	detected	(Table	2,	categories	6,	9	and	
12).	 Seven	 individuals	 showed	wapiti	 introgression;	 these	were	 red	
deer-	like	individuals	from	Kintyre	(n	=	2),	the	Hebrides	(n	=	1),	North	
Highlands	 (n	=	2),	and	the	Central	Highlands	 (n	=	2)	 (Figure	S4c).	Six	
of	these	individuals	had	90%	probability	intervals	that	spanned	zero;	
the	exception	was	from	the	Central	Highlands.	This	very	 low	wapiti	






3.2.2 | Analysis 2: Population structure 
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S6).	The	Q	 values	 assigned	 to	 the	 two	Torrachilty	 hybrids	 had	90%	
probability	 intervals	 that	 did	 not	 overlap	 one	 or	 zero,	 respectively,	
while	the	Benmore	hybrid’s	probability	intervals	did	overlap	zero.
In	 the	Central Highlands,	 samples	 obtained	 from	 in	 and	 around	
the	national	parks	(n	=	171)	were	free	from	hybridization	as	were	the	
wider	 sample	 of	 deer	 from	 upland	 estates	 throughout	 the	 Central	
Highlands	(n	=	233)	(Q	≥	0.99,	Figures	3	and	S6).
Similarly,	134	of	the	137	individuals	from	the	Lake District	(97.8%)	






3.2.3 | Mitochondrial haplotypes in relation to 
analysis 2
Mitochondrial	DNA	analysis	added	further	resolution	to	the	structure 





haplotypes	were	 found	 in	 individuals	 collected	 from	Kintyre	 (93%),	










beyond	 the	 2–3	 generations	 of	 backcrossing	 confidently	 detectable	
by	our	nuclear	marker	panel	(Boecklen	&	Howard,	1997).	As	with	the	












48	km	 from	Kildermorie,	 and	87	km	 from	Benmore,	 are	 further	evi-
dence	of	such	events.
3.2.4 | Analysis 3: Population structure 
assessment of all red deer and wapiti (n = 2,230)
After	removing	all	sika	and	red-	sika	hybrid	individuals,	a	dataset	com-








differentiation	 of	 Harris	 and	 Lewis	 red	 deer,	 in	 this	 analysis	 wapiti	
were	 differentiated	 from	 red	 deer	 at	K	=	4	 and	while	 not	 the	most	
likely	K,	this	is	most	appropriate	K	for	answering	our	question	(Figure	
S8).	This	analysis	identified	six	of	the	seven	red-	wapiti	hybrids	previ-
ously	 identified	 in	analysis	1,	namely	 two	each	 from	Kintyre,	North 





and	 two	 individuals	 from	Kintyre	 had	 probability	 intervals	 that	 did	
not	span	0.	Allele	frequencies	for	the	analysis	3	population	clusters	at	
K	=	4	are	shown	in	Table	S5.
3.3 | The initial direction of hybridization between 
red deer and sika
Based	on	the	estimates	of	species-	specific	allele	 frequencies	gener-
ated	from	analysis	2	(Table	S2),	the	majority	of	red-	sika	hybrids	had	









     |  9SMITH eT al.
4  | DISCUSSION


















to	 this	 scenario:	 The	 microsatellite	 loci	 were	 not	 actually	 selected	
to	differentiate	 red	deer	 and	wapiti	 and	only	10/22	do	 so	 strongly;	
second,	 the	red	deer	on	Harris	and	Lewis	may	have	been	separated	
from	other	red	deer	 in	our	sample	for	a	 long	time,	with	drift	 leading	




the	 red	deer	population	on	this	 island	might	have	originated	 from	a	
small	number	of	individuals.	A	recent	mtDNA	survey	of	red	deer	from	
Scottish	archaeological	sites	up	to	7,500	years	BP	found	that	samples	
from	 the	Outer	Hebrides	 and	Orkney	 (where	 they	 are	 now	extinct)	
had	haplotypes	not	found	in	the	rest	of	Scotland	and	suggested	that	
human-	mediated	 transfer	 from	a	 source	beyond	Scotland	was	 likely	
(Stanton	 et	al.,	 2016).	 Together	 these	 observations	 suggest	 further	
work	on	the	modern	red	deer	of	Harris	and	Lewis	would	be	useful,	in	










represent	 genuine	 wapiti	 introgression	 from	 previous	 hybridization	











ular,	 hybrids	 are	 abundant	 in	 two	 regions	 of	 Kintyre	 (WLA	 and	 SK)	
where	50%	and	58%	of	the	individuals	analyzed	were	nuclear	or	mi-
tochondrial	 hybrids,	 respectively,	 and	evidence	of	 introgression	was	
also	found	in	adjacent	sites.	While	the	hybrid	swarm	at	WLA	has	been	
documented	 previously	 (Senn	 &	 Pemberton,	 2009),	 the	 extensive	
hybridization	 found	at	SK	has	only	become	apparent	with	 the	addi-
tional	 samples	 collected	 for	 this	 study.	A	major	 difference	 between	
these	two	regions	is	the	absence	of	the	sika	mtDNA	haplotype	among	
hybrids	 in	WLA	and	 its	prevalence	 in	SK.	A	possible	explanation	 for	
this	may	be	that	the	relative	densities	of	the	deer	species	in	the	two	
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collected	 from	the	North	Highlands	were	 identified	as	nuclear	 red-	
sika	hybrids	and	1.05%	as	mitochondrial	hybrids.	This	 is	 consistent	
with	extensive	 low-	level	 introgression	among	 sika-	like	animals	pre-
viously	 reported	 throughout	 Ross-	shire	 and	 Sutherland	 based	 on	
fewer	and	less	diagnostic	loci	than	this	study	(Swanson,	2000).	In	the	
present	 study,	 the	 identification	 of	 sika-	like	 animals	 showing	mito-
chondrial	discordance	from	sites	otherwise	relatively	free	of	nuclear	
introgression	(e.g.,	Kildermorie)	highlights	that	there	has	been	quite	
widespread	 introgression	via	 repeated	backcrossing	which	 is	 unde-
tectable	by	 the	present	nuclear	marker	 set	and	which	has	 failed	 to	
break	down	the	general	pattern	of	assortative	mating	between	 the	
two	species.
There	 was	 no	 evidence	 for	 hybrids	 among	 phenotypically	 red	
deer	sampled	across	 the	Central	Highlands,	even	among	50	animals	











that	 increased	 culling	 pressure	 on	 conspicuous	 hybrids	 by	 the	 Lake	
District	Deer	Control	Society	 in	 the	1970s	may	have	reduced	 intro-
gression	in	the	area.
A	single	putative	modern	F1	was	identified	at	WLA	which,	if	true,	
was	 the	 result	 of	 a	 sika	male	mating	 a	 red	deer	 female.	No	F1	was	
identified	 at	 any	 other	 site,	 precluding	 us	 from	making	 any	 general	
comments	 on	 the	 direction	 of	 hybridization	 events	 except	 that,	 as	
previously	 inferred	 (Goodman	et	al.,	1999),	 they	are	very	rare.	What	

















suggests	 an	 asymmetry	 in	 the	 initial	 hybridization	 event	 (i.e.,	 more	
often	sika	male	with	red	deer	female)	or	in	the	subsequent	backcross-
ing	 process	 (hybrid	 female	 with	 sika	 male),	 a	 scenario	 concordant	

















of	a	hybrid	swarm	(e.g.,	WLA	and	SK),	 in	others	 it	 is	followed	by	re-
peated	backcrossing	into	one	or	both	parental	species	(e.g.,	the	North	















management	 of	 the	 situation.	 Before	 making	 detailed	 management	
suggestions,	there	are	a	number	of	points	with	practical	implications	
that	 are	worth	noting.	 First,	 although	our	 data	 for	 Scotland	 are	not	
encouraging,	it	is	possible	for	red	deer	and	sika	to	coexist	without	hy-
bridization	 and	 introgression,	 as	 exemplified	by	 the	population	 cen-
tered	on	Killarney,	 Ireland	 (Smith	et	al.,	2014).	Explanations	 for	why	
















et	al.,	 2014).	 Fourth,	 nevertheless,	 culling	 by	 shooting	 is	 the	 most	
practical	tool	available	by	which	the	situation	may	be	managed.	Deer	
fencing	 is	very	expensive	over	 the	 large	distances	and	 rugged	 land-
scapes	 involved	 in	Scotland	and	has	 limited	effectiveness	over	 time	
and	where	snow	accumulates,	as	in	many	parts	of	Scotland.	Moreover,	
in	the	area	where	we	might	be	most	concerned	to	contain	hybrids	by	
fencing,	Kintyre,	 deer	 are	quite	 frequently	 seen	 swimming	between	
land	masses	(Kevin	McKillop.	Pers.	Comm.).	Live	capture	and	testing	
followed	by	selective	culling	based	on	genotypes,	as	is	suggested	for	
the	 endangered	 bontebok	 (Damaliscus pygargus pygargus)	 being	 in-
trogressed	by	common	blesbok	(D. p. phillipsi)	on	South	African	game	
ranches	(van	Wyk	et	al.,	2017)	 is	 impractical	 in	the	Scottish	context,	
as	 is	any	contraceptive	method	where	delivery	requires	 live	capture.	
Contraceptive	methods	 delivered	 in	 food	would	 be	very	 difficult	 to	
deliver	 in	 a	 targeted	manner,	 given	 the	 presence	 of	 red	 deer,	 non-	
Cervus	deer	and	other	mammals.	Although	shooting	is	thus	the	most	





Preventing	 further	 hybridization	 and	 introgression	 involves	













previous	 study	 of	Kintyre	 (conducted	 before	 the	 SK	 hybrid	 swarm	
became	 apparent)	 showed	 no	 evidence	 that	 either	 the	 proportion	
of	 recent	hybrids	or	 the	 levels	of	 introgression	had	 increased	over	
a	period	of	15	years	(Senn,	Barton	et	al.,	2010),	effective	emigration	
(i.e.,	leading	to	successful	mating)	could	occur	at	any	time.	Deer	man-






Although	 in	much	 of	 Scotland	where	 sika	 and	 red	 co-	occur	we	
found	 little	evidence	of	hybridization	and	 introgression,	 it	would	be	
wrong	 to	 conclude	 that	 introgression	 is	 consequently	 rare.	The	 fact	















notable	 is	 Dumfries	 and	 Galloway,	 in	 south	 west	 Scotland,	 where	
the	red	deer	could	have	been	 introgressed	by	sika	from	the	popula-




McKillop,	Willie	 Lamont,	 Derick	Macaskill,	 David	 Bain,	 staff	 of	 the	
Deer	 Commission	 for	 Scotland	 (now	merged	 with	 Scottish	 Natural	
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